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Im Rahmen dieser Doktorarbeit wurde ein Modell fu¨r die elektroschwache Wechsel-
wirkung entwickelt. Das Modell basiert auf der Tatsache, daß die sog. “Confinement”-
Phase und Higgs-Phase der Theorie mit einem Higgs-Boson in der fundamentalen Darstel-
lung der Eichgruppe SU(2) identisch sind. In der Higgs-Phase wird die Eichsymmetrie
durch den Higgsmechanismus gebrochen. Dies fu¨hrt zu Massentermen fu¨r die Eichboso-
nen, und u¨ber die Yukawa-Kopplungen zu Massentermen fu¨r die Fermionen. In der
“Confinement”-Phase ist die Eichsymmetrie ungebrochen. Nur SU(2)-Singuletts kann
eine Masse zugeordnet werden, d.h., physikalische Teilchen mu¨ssen SU(2)-Singuletts
sein. Man nimmt an, daß die rechtsha¨ndigen Quarks und Leptonen elementare Objekte
sind, wa¨hrend die linksha¨ndigen Dupletts Bindungszusta¨nde darstellen.
Es stellt sich heraus, daß das Modell in der “Confinement”-Phase dual zum Standard-
Modell ist. Diese Dualita¨t ermo¨glicht eine Berechnung des elektroschwachen Mischungs-
winkels und der Masse des Higgs-Bosons. Solange die Dualita¨t gilt, erwartet man keine
neue Physik.
Es ist aber vorstellbar, daß die Dualita¨t bei einer kritischen Energie zusammenbricht.
Diese Energieskala ko¨nnte sogar relativ niedrig sein. Insbesondere ist es mo¨glich, daß
das Standard-Modell im Yukawa-Sektor zusammenbricht. Falls die Natur durch die
“Confinement”-Phase beschrieben wird, koennte man davon ausgehen, daß die leichten
Fermionmassen erzeugt werden, ohne daß das Higgs-Boson an die Fermionen gekoppelt
wird. Dann wu¨rde aber das Higgs-Boson anders als im Standard Modell zerfallen. Es
ist jedoch auch vorstellbar, daß die Verletzung der Dualita¨t erst bei hohen Energien
stattfindet. Dann erwartet man neue Teilchen wie Anregungen mit Spin 2 der elek-
troschwachen Bosonen. Ebenso vorstellbar sind Fermionen-Substuktur-Effekte die beim
anomal magnetischen Moment des Muons sichtbar werden.
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During the past century, particle physics has undergone at least three revolutions.
The first of these revolutions happened when it was discovered by de Broglie [1] that
particles have a dual character, sometimes they behave like solid entities sometimes like
waves. In particular, it became clear that light is sometimes behaving like a stream of
particles but, on the other hand, an electron is sometimes behaving like a wave. This
led to the development of quantum mechanics.
Even more surprising was the second revolution. Particles can be created and annihi-
lated. A particle and its antiparticle can be produced from the vacuum, and then they
can annihilate. This had some profound consequences for quantum mechanics which
had to be improved to take this fact into account. The mathematical tool which was
developed to describe this phenomenon is called quantum field theory.
The third revolution was that the particles which were discovered could be classified
according to simple schemes. The standard example is the eightfold way [2] proposed by
Gell-Mann which allows to classify, according to a SU(3) symmetry, all particles that
interact strongly. Symmetries allow a much deeper understanding of the microscopic
world. It was a big step between sampling particles and classifying them according
to a symmetry. The SU(3) symmetry allowed to predict particles that were not yet
discovered and also allowed to understand that the strongly interacting particles that
were observed could not be fundamental, but had to be bound states of some more
fundamental fields, called quarks [2].
Another symmetry, Lorentz invariance, forced Dirac to introduce an antiparticle in
his equation [3], and to posit the positron which was discovered shortly after. Actu-
ally it turns out that a relativistic quantum theory, for example Dirac’s equation, is
inconsistent, and that the wave functions of relativistic quantum mechanics have to be
replaced by quantum operators. This process is called the second-quantization, and it
enables to describe processes where particles are created or destroyed. In that sense
these revolutions are connected.
Symmetries in particle physics are symmetries of the action or in other words of the
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S-matrix. It became evident that any valid theory of particle physics should be Lorentz
invariant or at least Lorentz invariant in a very good approximation. Thus all fields
introduced in the action must fulfil the Klein-Gordon equation. The concept of Lorentz
invariance introduces also the question of the discrete symmetries which are the charge
conjugation C, the space reflection P and the time reflection T . It turns out that if the
fermions are quantized using anticommutation relations and bosons using commutation
relations, then the S-matrix, or action, is invariant under the combination CPT .
Another concept which was discovered later is that of global and local gauge sym-
metries, i.e. the invariance of the action under certain global symmetries and local
symmetries. Local gauge transformations are gauge transformations which are space-
time dependent whereas global gauge transformations are independent on space-time.
A gauge transformation is a transformation of the fields entering the action. Using
Noether’s theorem, one can then deduce which quantities are conserved. For example
in Quantum Electrodynamics (QED), there is a conserved quantity, the electric charge,
corresponding to a U(1) local gauge symmetry. The success of QED led Yang and
Mills [4] to consider more complex non-Abelian gauge symmetries which eventually led
to the standard model of particle physics.
Fundamental symmetries, like gauge symmetries or Lorentz symmetry, must be dis-
tinguished from approximate symmetries. For many technical issues it is often useful to
consider symmetries that are exact in some limit, especially in Quantum Chromodynam-
ics (QCD) where these approximatively valid symmetries are crucial to find relations
between different non-perturbative quantities. An example of these symmetries is for
example the isospin symmetry which is approximatively exact at low energy QCD.
After a century of great success applying symmetries in particle physics, it is still
unclear why symmetries are so important in physics. We know that if we can identify
one, it will have some very deep consequences, but there is still no primary principle
which forces to require the action to be invariant under some given symmetry. We can
only postulate a set of symmetries of the action, quantize and renormalize this action
to obtain the Feynman rules and compute some observables to test whether a given
symmetry is present or not in nature. There are two possibilities if a given symmetry is
not observed, it can either be broken or it must be ruled out as a symmetry the theory.
In the present work we shall not try to understand why symmetries, and in particular
gauge symmetries, are so crucial to particle physics. We shall take this as an given fact.
Our main concern will rather be to try to understand how to break gauge symmetries.
As we shall describe in this first chapter, the electroweak interactions are described by
a broken SU(2) × U(1) local gauge symmetry. The main result of this work is that
the electroweak interactions can be described as successfully by a confining theory, i.e.
a theory based on an unbroken gauge symmetry, with a weak coupling constant. It
turns out that this confining theory is dual to the standard model. This duality allows
to find relations between some of the parameters of the standard electroweak model
that are otherwise not present in the normal standard model with a broken electroweak
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symmetry. We shall first review the standard electroweak model, some of its problems
and some of the solutions to these problems.
1.1 The standard electroweak model
In this section we shall discuss the standard model of the electroweak interactions. The
weak interaction was first considered to be a local or point like interaction, the so-
called Fermi interaction [5], before it was realized by Glashow [6], following the work
of Schwinger [7], that a SU(2) × U(1) local gauge symmetry could account for this
phenomenon and for Quantum Electrodynamics. But, if the electroweak gauge bosons
were massless the electroweak interactions would be long range interactions. This is
only partially the case, since QED is a long range interaction, but the weak interactions
are short range. This implies that the gauge bosons are either confined and cannot
propagate as free particles or that they are massive. The standard approach is to
assume the latter. But, the SU(2) × U(1) gauge symmetry prohibits a mass term for
the gauge bosons in the action. This led Weinberg and Salam [8] to assume that this
symmetry is spontaneously broken and to apply the Higgs mechanism [9] to break this
symmetry. It turns out that a theory with a gauge symmetry which is spontaneously
broken remains renormalizable [10], and that this theory is thus consistent to any order
in perturbation theory.
The standard model of the electroweak interactions is based on the gauge group
SU(2)L×U(1)Y , where the index L stands for left and where Y stands for hypercharge.
In that model, parity is broken explicitly, left-handed fermions ΨaL = 1/2(1 − γ5)Ψa
are transforming according to the fundamental representation of SU(2)L whereas right-
handed fermions ΨaR = 1/2(1 + γ5)Ψ
a are singlets under this gauge group. The gauge
boson of the U(1)Y gauge group is denoted by Aµ, and the three gauge bosons of the
SU(2)L gauge group are called B
a
µ, a ∈ {1, 2, 3}. The anti-symmetric tensors fµν and
F aµν are the field strength tensors of U(1)Y respectively SU(2)L.
We start by writing down the Lagrangian of the standard electroweak model, taking







µν + L¯Li /DLL + Q¯Li /DQL + e¯Ri /DeR (1.1)
+u¯Ri /DuR + d¯Ri /DdR −Gee¯R(φ¯LL)−Gdd¯R(φ¯QL)









The scalar doublet φ is the Higgs field and φ¯ = iσ2φ
∗. In the standard model this field
enters the theory in the fundamental representation of the SU(2) gauge group which has,
as we shall see later, some nontrivial consequences. The quantum numbers of the fields
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uR 3 1 4/3 2/3











Bi 1 3 0 (±1, 0)
A 1 1 0 0
Ga 8 1 0 0
Table 1.1: The standard model fields, as usual the electric charge is given by the Gell-
Mann-Nishijima relation Q = 1
2
(τ3 + Y ). The fields B
i with i ∈ {+,−, 3} denote the
three electroweak gauge bosons and A is the photon. The gluons Gi are in the octet
representation of SU(3)C .
entering the standard model Lagrangian are summarized in table 1.1. The covariant
derivative is given by:






The field strength tensors are as usual
F aµν = ∂µB
a
ν − ∂νBaµ + gabcBbµBcν (1.3)
fµν = ∂µAν − ∂νAµ. (1.4)



























late the gauge symmetry. In other words, the gauge invariance of the theory requires
the gauge bosons to be massless. If the gauge bosons were massless, the electroweak
interactions would be long range interactions. But, we know that the weak interactions
are short range whereas QED is a long range interaction. Thus we have to break this
symmetry partially.
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1.1.1 The Higgs mechanism
The symmetry breaking scheme has already been introduced in the standard electroweak
model Lagrangian. The Higgs mechanism [9] breaks the SU(2)×U(1) gauge symmetry
spontaneously, which insures that the resulting theory is renormalizable. The potential








The position of the minimum is dependent on the sign of the squared mass µ2 of the
Higgs doublet. If it is positive, i.e. if the Higgs doublet squared mass has the right
sign for the squared mass term of a scalar field, then the gauge symmetry is unbroken,
and the minimum is at φ†φ = 0. The Higgs mechanism postulates that the doublet is








ρ = 0 (1.7)
with ρ2 = φ†φ. The extrema are then





where v is the so-called vacuum expectation value. The first solution is unstable and
thus not the true vacuum of the theory. The standard procedure is to expand the Higgs
field around its vacuum expectation value. It is convenient to fix the gauge, performing












which allows to “rotate away” the Goldstone bosons. The Goldstone bosons are the three
degrees of freedom which remain massless after spontaneous symmetry breaking. They
are absorbed in the longitudinal degrees of freedom of the gauge bosons. The Higgs field
is expanded around its vacuum expectation value v. This is a semi-classical approach.
Of the four generators of SU(2)×U(1) three are broken by the Higgs mechanism. Only
the linear combination Q = 1/2(τ 3 + Y ) is left unbroken and thus leaves the vacuum
invariant. This implies that a linear combination of the gauge fields of SU(2) × U(1)
remains massless. It can be identified with the photon. Inserting the expansion of the
Higgs field in the Lagrangian (1.1), one finds that the Higgs mechanism gives a mass to
